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dots, but provide less accurate color matching than unconstrained M-D transformation 
functions. 

A constrained M-D transform (CMT), in accordance with an embodiment of 
the present invention, achieves the advantages of both 1-D and M-D transformation 
functions. Specifically, a CMT preserves the presence and absence of colorants from 
input to output, and provides more accurate color matching. 

Thus, a CMT can provide significantly improved color matching relative to 1- 
D transformation, and the dot preservation generally unavailable in unconstrained M- 
D transformation. Indeed, depending on the characteristics of the source and 
destination devices, the color matching performance of a CMT can approach that of 
unconstrained M-D transforms. 

In one embodiment, the invention provides a multi-dimensional color 
transformation comprising generating a multi-dimensional color transformation for 
transformation of a source image to a destination image, and constraining the multi- 
dimensional color transformation to prevent removal of selected color image data 
present in the source image. 

In another embodiment, the invention provides a method for multi-dimensional 
color transformation comprising generating a multi-dimensional color transformation 
for transformation of a source image to a destination image, and constraining the 
multi-dimensional color transformation to prevent introduction of selected color image 
data not present in the source image. 

In an added embodiment, the invention provides a system for multi- 
dimensional color transformation comprising a processor that generates a multi- 
dimensional color transformation for transformation of a source image to a destination 
image, and a memory that stores constraints, wherein the processor is programmed to 
apply the constraints to constrain the multi-dimensional color transformation to 
prevent removal of selected color image data present in the source image. 

In a further embodiment, the invention provides a system for multi- 
dimensional color transformation comprising a processor that generates a multi- 
dimensional color transformation for transformation of a source image to a destination 
image, and a memory that stores constraints, wherein the processor is programmed to 



apply the constraints to constrain the multi-dimensional color transformation to 
prevent introduction of selected color image data not present in the source image. 

In another embodiment, the invention provides a computer-readable medium 
containing program code that when executed by a processor generates a muiti- 
5 dimensional color transformation for transformation of a source image to a destination 
image, and constrains the multi-dimensional color transformation to prevent removal 
of selected color image data present in the source image. 

In a further embodiment, the invention provides a computer-readable medium 
containing program code that when executed by a processor generates a multi- 
10 dimensional color transformation for transformation of a source image to a destination 
image, and constrains the multi-dimensional color transformation to prevent 
introduction of selected color image data not present in the source image. 

In another embodiment, the invention provides a method for multi-dimensional 
color transformation comprising generating a multi-dimensional color transformation 
15 for transformation of first color image data for a source device to second color image 
data for a destination device, and applying constraints to the multi-dimensional color 
transformation to improve halftone dot integrity between the first color image data and 
the second color image data.. 

Other advantages, features, and embodiments of the present invention will 
20 become apparent from the following detailed description and claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram illustrating a system for implementation of a 
constrained multi-dimensional color transformation function; 
25 FIG. 2 is a block diagram illustrating a method for formulation of a constrained 

multi-dimensional color transformation function; 

FIG. 3 is a diagram of a constraint region within a color space; and 
FIG. 4 is a graph of comparative color error cumulative histograms for various 
color transformation techniques. 
30 Like reference numbers and designations in the various drav^ngs indicate like 

elements. 
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DETAILED DESCRIPTION 

FIG. 1 is a block diagram illustrating a system 10 for implementation of a 
constrained multi-dimensional color transformation function. As shown in FIG. 1, 
5 system 10 may include a processor 12, a user interface 14, a memory 16 storing device 
profiles, and a destination device 18 for reproduction of a color image. Processor 12 
may take the form of a general purpose microprocessor and can be integrated with or 
form part of a PC, Macintosh, or computer workstation. User interface 14 may 
include a conventional keyboard and pointing device such as a mouse or trackball, if 
10 desired. User interface 14 also may include a computer monitor, such as a CRT or flat 
panel display, that provides textual and/or graphic feedback to the user. Memory 16 
may include random access memory (RAM) storing program code that is accessed and 
executed by processor 12. The program code can be loaded into memory 14 from 
another memory device, such as a read only memory (ROM), a fixed hard drive, or a 
15 removable media device associated with system 10. In particular, the program code 
can be initially carried on computer-readable media such as magnetic, optical, 
magneto-optic or other disk or tape media. Altematively, the program code can be 
carried on electronic computer-readable media such as EEPROM. 

In operation, processor 12 receives source data representative of color image 
20 data for a source device, and retrieves device profiles corresponding to the source 
^ device and the destination device from memory 16. The device profiles characterize 

the color responses of the source device and destination device 18. In particular, the 
device profiles may include forward models that convert respective device-dependent 
coordinates associated with the source and destination device, e.g., CMYK, to a 
25 device-independent color space, e.g., L*a*b*. Based on the device profiles retrieved 
from memory 16, processor 12 formulates a multi-dimensional color transformation 
function for accurate color matching between the source and destination devices. The 
transformation ordinarily is applied to the source image data prior to application of 
halftone screening. The transformation function may take the form of a multi- 
30 dimensional lookup table (LUT), mathematical equations, or a combination of both. 
Processor 12 applies the color transformation function to the source data to produce 



destination data that drives destination device 1 8 to produce a more accurate visual 
match to the output of the source device. 

FIG. 2 is a block diagram illustrating a method for formulation of a constrained 
multi-dimensional color transformation function. As shovra in FIG. 2, given a set of 
source data in source device-dependent coordinates, indicated by reference nimieral 
20, processor 12 applies a forward model 22 to convert the values to a device- 
independent color space. The forward model may convert device-dependent 
coordinates such as CMYK data, for example, to device-independent coordinates such 
as CIE L*a*b* data. To produce destination data in destination device-dependent 
coordinates, e.g., CMYK, processor 12 performs a search of destination device- 
dependent coordinates that, when applied to the forward model for the destination 
device, approximate the device-independent coordinates generated for the source data. 
Again, the device-independent coordinates may be, for example, CIE L*a*b* data. 
With further reference to FIG. 2, destination device coordinates 24 are applied to 
destination device forward model 26 to produce the device-independent coordinates. 

A search module 28 executed by processor 12 governs the search for matching 
coordinates. Search module 28 selects a set of starting destination device coordinates, 
and then monitors the resulting error calculated between the device-independent 
coordinates for the source device and those for the destination device. If the error 
calculation, indicated by reference numeral 30, produces an unacceptable error, search 
module 28 seeks destination device coordinates that minimize the calculated error. 
The process continues in an iterative manner imtil the calculated error is reduced to an 
acceptable degree. When the error is sufficiently reduced, search engine 28 has foimd 
destination device coordinates necessary to produce a desired visual match with the 
source device coordinates. On this basis, processor 12 generates the M-D color 
transformation function that is applied to transform source device color data to 
destination device color data. 

If the search is unconstrained, the destination device coordinates may produce 
an acceptable visual match, but lack dot integrity. For this reason, search module 28 is 
subject to a set of constraints 32. The constraints 32 can be specified by user input 34 
or by reference to predetermined default constraints applicable to particular source and 



destination devices. The constraints 32 prevent the selection of destination device 
coordinates that would remove or add particular color information from the source 
device. In this manner, dot integrity is maintained while achieving high color match 
accuracy. Dot integrity can be a concern when diagnosing color problems in a source 
5 device such as a printing press. 

In particular, the presence in a destination device proof of dots that would not 
be produced by the source, but which nevertheless provide an acceptable colorimetric 
match, can confound a press technician. In other words, the destination image may 
produce an acceptable colorimetric match, but incorporate or remove dots for a 
10 particular colorant in a manner different from the actual source device. To avoid this 
problem, constraints are applied that prevent addition or removal of selected dots. The 
formulation of constraints to provide a constrained M-D color transformation function 
(CMT) will now be described in greater detail. 

I To determine the optimal color transformation between two devices, a 
15 colorimetric model of each device is required. Colorimetric models specify the 

relationship between device-specific color coordinates, e.g., CMYK, and a device- 
independent color representation such as reflectance spectra or CIE L*a*b* values. 
This relationship can be expressed as a muUi-dimensionai lookup table (LUT), as 

II mathematical equations, or as a combination of the two. An International Color 

g 20 Consortium (ICC) profile, for example, uses either a LUT-based or equation-based 

■£ representation to convert from device-dependent coordinates to device-independent 

coordinates, referred to as a Profile Connecting Space (PCS). This is often referred to 
as the forward model for the device. ICC profiles also contain an inverse model 
governing transformation from the PCS back to device coordinates for a specific set of 
25 conditions such as gamut mapping, total ink limits, gray component replacement 
(OCR), under color removal (UCR), etc. Use of the inverse model, however, is not 
necessary for application of the CMT. 

Instead, as illustrated in FIG. 2, the CMT makes use of the forward model of 
the source device to determine the device-independent color, followed by a 
30 constrained search of the forward model for the destination device to find an optimal 
match in the color space of the destination device. In this manner, the constraints are 
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embedded in the resultant transformation. In other words, the transformation is 
generated based in part on the constraints. The transformation typically is applied 
before halftone screening of the image. For a CMYK source to CMYK destination 
transformation, the K versus CMY tradeoff can be constrained by maintaining the 
integrity of the black channel or through a gray component replacement (GCR)-type 
relationship. In this manner, a one-to-one mapping from source CMYK to destination 
CMYK can be achieved in the transformation. Without constraints, it is possible to 
have two nearly identical colors, as defined in the PCS, map to very different device 
coordinates, resulting in image artifacts. 

In addition to constraints that ensure a one-to-one mapping, further constraints 
can be applied to limit the device-dependent colors to realizable values such that it is 
impossible to produce less than 0% or greater than 100% of a given colorant. One 
way of visualizing this type of constraint is to think of an w-dimensional hypercube 
("box"), with each dimension representing a device color chaimel ranging from 0% to 
100%. The solution must be contained v^thin the defined box. These constraints 
ensure physically realizable results, but do not prevent the transformation from 
accessing any specific region of the destination color space. As such, a color 
transformation that only uses these box constraints is often referred to as 
"unconstrained." 

The unconstrained M-D transform is constrained only by the physical limits of 
the device. If the constraints on the output colorants are generalized to be functions of 
the input colorants rather than constant ("box") values, a dot-preserving type of CMT 
can be achieved. FIG. 3 illustrates a simple constraint function on a single colorant, 
cyan (C). In this case, the square region bounded by the dashed line and the Cin and 
Cout axes represents the full 0% to 100% range ("box") of the input and output 
colorants. Gray regions are excluded from the search domain and the white center 
portion is the valid region for the colorant. Consequently, the transformation 
produced by the search excludes the gray region. The gray along the Cout axis, 
therefore, represents the constraint "do not add the colorant if it does not exist in the 
source," while gray along the Cin axis represents "do not remove a colorant if it does 
exist in the source." 
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For example, if there is no colorant in the source (Cin = 0%), then the 
constraints limit the output to Com = 0%. If Cin = 50%, Cout could range from the lower 
to upper bold lines, which could be at 0% and 100%, respectively, even though that is 
not what is shown in the example region of FIG. 3. The lower limit ensures that if a 
5 given colorant exists, it is not completely removed to obtain a color match. The upper 
limit increases from zero to allow a smooth transition from the region where the 
destination colorant cannot be added (i.e., Cin = 0%) to where it can be varied 
significantly to obtain a color match. 

Thus, for digitally addressed printing devices, there are simple bound 
10 constraints on the input and output digital values (Cin and Coutj respectively), which 
correspond to the limits on the digital representation of the colorant amount. In the 
constraint region of FIG. 3 , simple bound constraints are represented, for a single 
Q colorant channel, by dashed square 36. For N colorant channels, simple bound 

ij constraints illustrated by square 36 define an N-dimensional hypercube of the 

15 addressable color values for the respective device. When determining the destination 
device coordinates that provide a color match for the color rendered by the source 

I y 

: J device with a given set of input (or source) device coordinates, the matching process 

:L may select from any of the destination coordinates within this hypercube. 

In a constrained matching process, selected volumes within the hypercube are 

ril 

20 excluded from consideration during the search. For example, if the source device 
coordinate value for one channel were Cin=Xi, then using the example constraint 
boundaries in FIG. 3 the coordinate values of the destination device would be limited 
to the range [xo,min5 Xo,max]. These limits to the allowable range are determined by the 
extent of the permissible region, defined by boundary 38 and shown in white in FIG. 

25 3, along a vertical line at Cin=Xi, as demonstrated above. Similar constraints applied to 
other channels result in a sub-volume of the original hypercube defining the new range 
of destination coordinates allowed when searching for matching coordinate values 
according to a process as shown in FIG. 2. 

These constraint regions can be applied in the general case on a colorant-by- 

30 colorant basis. More typically, a few specific constraint conditions are particularly 
usefiil in CMYK to CMYK matching. Exemplary constraint conditions are: 



(1) Full multi-dimensional . In this case, the search process is allowed to 
use device coordinates throughout the full 0% to 100% box. This constraint condition 
provides the benefits of full multi-dimensional transformation, but may suffer from 
reduced dot integrity. 

(2) Do not add or remove colorants . In this case, the search process applies 
constraint regions such as those shown in FIG. 3 to all colorants. 

(3) Do not add or remove black . In this case, the search process applies the 
constraint only to the K chaimel for CMYK. 

(4) Do not add or remove chromatic colorants . In this case, the search 
process applies the constraint to CMY but not K. The constraint condition also may 
be applied to subsets of the chromatic colorants. The chromatic colorants may include, 
in addition to CMY, other colorants used in the applicable process. 

In addition, the "do not add" and "do not remove" constraints can be 
individually applied to the above conditions. This would correspond to removal of the 
upper or lower gray region of FIG. 3 for given colorants. 

As a further option, particular constraint conditions can be selected in 
combination to achieve specific results. To better maintain black channel purity, for 
example, it may be desirable to combine "full multi-dimensional" and "do not add 
chromatic colorants" constraint conditions. Image elements such as text or line art 
typically use only the black channel to achieve sharpness and avoid misregistration 
effects. Other elements such as drop-shadows often use only the black channel to 
minimize hue shifts as the output device drifts. 

When a region of the source image contemplates the printing of a single-color 
black, i.e., when only the K channel is specified, the "do not add chromatic colorants" 
constraint is applied. The use of single-color black is prevalent for text. When there 
is no single-color black in the source image, the "full multi-dimensional" constraint 
condition is applied. A smooth transition can be provided for imagery with content 
spanning between the two constraint conditions, i.e., black only and no single-color 
black. This approach could be seen as defining constraint functions for a plurality of 
colorants, rather than just the specific colorant to be constrained. 

A smooth transition can be implemented, for example, by interpolating 
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between the constrained and xinconstrained cases. One specific implementation can be 
described by defining a function HighLimitFunction(x) as the upper constraint limit 
for the "do not add chromatic colorants" constraint condition, which is presented by 
the upper bold-line function in FIG. 3. In this case, the interpolation between the 
5 "black only" and "no single-color black" cases could be represented as follows: 

hlfm = HighLimitFunction (Max(C, M, Y)), 

hlfk = HighLimitFunction (K), 

Cmax = (1 .0 - hlfk) * hlfm + hlfk * HighLimitFunction(Cin), 
Mmax = (1.0 - hlfk) * hlfm + hlfk * HighLimitFunction(Min), 

10 Ymax - (1 ,0 - hlfk) * hlfm + hlfk * HighLimitFunction(Yin), 

where (Cmax, Mmax, Ymax) the uppcr Constraint limits for the color (Cin, Min, Yin), 
hlfin represents the upper constraint limit function based on the maximum of the 
chromatic colors, and hlfk represents the upper constraint limit function for K. Other 
interpolation functions could be used without significantly altering the methodology 

15 described above. Furthermore, this methodology may be applied to other color sets 
such as high fidelity color or custom color sets. 

Although the examples described herein focus on application to CMYK 
matching, the CMT is not limited to only that color space. For example, these 
constraints can be applied for RGB to RGB mapping where the polarity of 0% and 

20 100% colorants may be reversed. In this case, the "Do not add or remove colorants" 
and "Do not add or remove chromatic colorants" constraints are equivalent, and the 
"Do not add or remove black" does not apply. Further, this same methodology can be 
applied to other color sets such as Hi-Fi color, e.g., five or more colors, or custom 
color sets. Some color sets use as many as seven and sometimes eight different colors. 

25 Also, the specific shape of the upper and lower constraint limits can be 

different than those shown in FIG. 3. For example, it may be desirable to utilize 
functions that maintain continuity of slope as well as continuity of function value, 
rather than piecewise linear functions. Specific device characteristics may also 
determine the best constraint function. For example, if a specific halftone device 

30 cannot maintain a dot below 2%, the function could maintain the lower limit above 2% 
over most of the region, and taper down to 0% only near the origin. 
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Users of high-resolution digital halftone proofers typically desire proofs having 
both dot-integrity and excellent color fidelity with respect to the proofing target, e.g., a 
press sheet. One-dimensional correction functions provide dot integrity but less color 
fidelity. Unconstrained multi-dimensional transforms, such as are typical of ICC 
5 device link profiles, can provide excellent color fidelity but may add or remove dots 
with respect to the proofing target. By imposing constraints on a multi-dimensional 
correction, it is possible to vary the size of only the dots that are present, just like the 
1-D corrections, but optimize the size variations for each region of color space. 

A dot-preserving multi-dimensional transform represents the best of both 1-D 

10 and unconstrained M-D transforms with potentially minimal reductions in color 
accuracy. These dot-preserving color transformations may also be used to make 
multiple presses in distributed print locations conform to a particular color 
specification, e.g., TROOl . The TROOl standard is represented in ANSI CGATS.6- 
1995: "Graphic technology-Specifications for graphic arts printing-Type 1," the entire 

15 content of which is incorporated herein by reference. Indeed, the use of multi- 
dimensional transforms has been avoided in the past when mapping to press for loss of 
dot-integrity reasons as described above. 

EXAMPLE 1 

20 The following example illustrates the application of constraints to a multi- 

dimensional color transformation technique in accordance with an embodiment of the 
present invention. In this example, a CMT as described herein was integrated within 
an Imation® Color Fidelity Module (Imation Corp., Oakdale, Minnesota), which is an 
ICC and Apple ColorSync-compliant color-matching module for the Apple Macintosh 

25 operating system. A number of device links, with various constraints imposed, were 
generated using a TROOl CMYK source (target) profile and Imation Matchprint'^^ 
Laserproof on Publication base as the destination profile. The TROOl ICC profile was 
constructed from the averaged spectral values fi-om an IT8-7/3 extended target, which 
are published in the TROOl standard. The Matchprint™ Laserproof ICC profile was 

30 created fi'om an Imation SpectralProfiler model file. 
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The device link constraint methods included: (a) do not add or remove CMYK, 
(b) do not add or remove K, (c) do not add or remove CMY, and (d) no constraints 
(full color mixing allowed). Proofs of the IT8-7/3 extended target, with 928 patches, 
were prepared using each of these constraint methods. For comparison, a fifth proof 
5 using one-dimensional corrections (optimized for the TROOl target) was also prepared. 
Cumulative histograms of the color errors for all five proofs are shown in FIG. 4. In 
FIG. 4, reference numeral 40 denotes unconstrained M-D, reference numeral 42 
denotes the "do not add or remove CMY" M-D (option (c) above), reference nimieral 
44 denotes the "do not remove K" M-D (option (b) above), reference numeral 46 

10 denotes the fully constrained "do not add or remove CMYK" M-D (option (a) above), 
and reference numeral 48 denotes a 1-D transformation. As one would expect, the 
constrained M-D histograms are bounded by the unconstrained M-D histogram on the 
left and the 1-D histogram on the right. The most striking feature of this graph is that 
the fully-constrained M-D transform (option (a) above) performs almost as well as the 

15 unconstrained M-D transform, indicating that it indeed does provide both excellent 
color fidelity and dot integrity. 

EXAMPLE 2 

The following example illustrates the application of a combination of 
20 constraints to a multi-dimensional color transformation technique, in accordance with 
another embodiment of the present invention, to better maintain black channel purity. 
In this example, a CMT as described herein was integrated within an Imation® Color 
Fidelity Module (Imation Corp., Oakdale, Minnesota), which is an ICC and Apple 
ColorSync-compliant color-matching module for the Apple Macintosh operating 
25 system. 

A transformation was made between a SWOP proof condition and a particular 
press, relying on forward profiles generated for each of them. In this case, using an 
unconstrained mapping while maintaining overall colorimetric integrity as described 
herein, a source color of CMYK = (0%, 0%, 0%, 100%) was transformed to (32%, 
30 9%, 0%, 97%). Thus, the press black was reddish, with the cyan and magenta being 
added to provide an exact color match. Using a combination of the "full multi- 
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dimensional" and "do not add chromatic colorants" constraint conditions, the same 
source, color was transformed to (0%, 0%, 0%, 98%), thereby preserving black 
channel purity, and dot integrity. 

Another transformation was made between a SWOP proof condition and an 
Imation 4700 color proofer (Imation Corp., Oakdale, Minnesota), relying on forward 
profiles generated for each of them. In this case, an unconstrained mapping while 
maintaining overall colorimetric integrity as described herein resulted in 
transformation of a source color of CMYK = (0%, 0%, 0%, 100%) to (0%, 18%, 31%, 
93%). Thus, the 4700 black was bluish, with magenta and yellow being added to 
provide an exact color match. Applying a combination of the "full multi-dimensional" 
and "do not add chromatic colorants" constraint conditions, the same source color was 
transformed to (0%, 0%, 0%, 95%). Again, black channel purity was achieved, e.g., 
providing preservation of sharpness and hue consistency for text, shadows, and the 
like. 

The foregoing detailed description has been provided for a better 
understanding of the invention and is for exemplary purposes only. Modifications 
may be apparent to those skilled in the art without deviating from the spirit and scope 
of the appended claims. 
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